With the rapid growth of human demands for nuclear energy and in response to the challenges of nuclear energy development, the world's major nuclear countries have started research and development work on advanced nuclear energy systems in which new materials and new technologies are considered to play important roles. Nanomaterials and nanotechnologies, which have gained extensive attention in recent years, have shown a wide range of application potentials in future nuclear energy system. In this review, the basic research progress in nanomaterials and nanotechnologies for advanced nuclear fuel fabrication, spent nuclear fuel reprocessing, nuclear waste disposal and nuclear environmental remediation is selectively highlighted, with the emphasis on Chinese research achievements. In addition, the challenges and opportunities of nanomaterials and nanotechnologies in future advanced nuclear energy system are also discussed.
Introduction
With the rising global energy demand, the potential of nuclear energy, as a low-carbon energy resource, is becoming more and more obvious. But if nuclear energy is going to achieve its full potential, four grand challenges such as the maximization of application of available nuclear fuel uranium, the lifetime maximization of today's nuclear power plants, the resistance towards nuclear proliferation, and the minimization of nuclear waste via reasonable reprocessing and treatment must be fulfilled. New types of materials with unique behaviors and functions are considered to be central to meet all the four challenges [1] .
With the emergence of the so-called nanomaterials and nanotechnology, the age has arisen in which we are able to manipulate material structures at nanometer scales, thus opening up unprecedented possibilities for designing and manufacturing new tailored functional materials. Actually, nanomaterials and nanotechnologies are expected to be capable of playing significant roles and having vast application potentials at all stages of advanced nuclear fuel cycles [2] . New capabilities in the synthesis and characterization of ma-*Author for correspondence (E-mail: chaizf@ihep.ac.cn).
terials with controlled nano-scale structure offer tremendous opportunities for the development of tailored marerials for fabrication of advanced nuclear fuels (with nano-scale control of composition), use of actinides in catalysis, efficient nano-scale sorbents for spent nuclear fuel reprocessing, advanced nuclear waste forms and convenient sensors for detection of radionuclides. Therefore, some countries with developed nuclear energy programs, such as the USA, attach great importance to the research of nanomaterials and nanotechnologies; nano-scale materials research facilities have been established at six DOE (Department of Energy) national laboratories to undertake leading-edge materials development and testing [1] .
It is difficult, almost impossible, to summarize all the latest important results in nanomaterials and nanotechnologies related to nuclear fuel cycle system in one short article. Thus, the advances we select for discussion are limited to nanostructured actinide materials, such as actinides encapsulated in fullerenes, uranium oxide nanocrystals, actinide nanospheres and nanoclusters, thorium and uranium based metal-organic frameworks (MOFs). Non-radioactive nanomaterials for nuclear waste disposal and environmental protection are also selectively covered in this review. In recent years, Chinese radiochemists have achieved significant success in the basic research of nanomaterials and nanotechonologies and their applications in future advanced nuclear fuel cycle. In this regard, important contributions of Chinese scientists in this field are specifically highlighted. In spite of these considerations, we hope that this article might shed light on the further research directions of the nanoscience and nanotechnology in the nuclear energy field, particularly in the nuclear fuel cycle chemistry.
Actinides encapsulated in fullerenes and neutron radiation-induced novel fullerenes
Fullerenes, as a new class of carbon molecules with hollow cages composed of three-connected networks of carbon atoms, such as the most common C 60 , are regarded as the first truly molecular form of pure carbon yet isolated. Since the first demonstration of their existence in 1985, fullerenes have become a source of interest in a variety of life, space, environmental and material sciences, due to their unique structures and properties. Particularly, metal-fullerenes, i.e.
fullerenes that contain metal atoms in a cage structure, are attracting much attention in development of new functional materials for special applications. Many efforts by several investigators have focused on studies of fullerene encapsulating actinides. Guo et al. [3] reported the first synthesis of actinide fullerenes, in which U@C 28 was prepared by using the laser and carbon-arc technology. C 28 is considered as the smallest fullerene formed with substantial yields.
It has an open shell ground state and behaves as a sort of hollow superatom with an effective valence of 4. Thus, stable closed-shell derivatives of C 28 can be obtained by trapping a tetravalent atom inside the cage to make endohedral fullerenes such as U@C 28 , with an efficiency of production being much greater than for other endohedral metallofullerenes. Akiyama et al. [4] studied the production of metallofullerenes for U, Np and Am. Two kinds of uranium metallofullerenes, U@C 82 and U 2 @C 80 with uranium oxidation state of +3, were prepared by the conventional arc-discharge method, and then purified and identified by HPLC (High Performance Liquid Chromatography). Metallofullerenes for Np, and Am were also successfully obtained. From the equivalence of the HPLC retention time and similar 5 f characterizations as actinide elements, it was assumed that the major products for Np and Am fullerenes are also M@C 82 species with the oxidation state of +3. The studies quoted above have dealt with the synthesis of actinide endohedral fullerenes, but the detailed structures of actinides in the cage of fullerenes, however, still remain unclear. Recently, Wu and Lu [5] revealed the presence of unprecedented U−U multiple bond in U 2 @C 60 by means of all-electron relativistic density functional computations. The optimized structures and symmetries of U 2 @C 60 isomers 1a-d derived from the C 60 (I h ) fullerene are depicted in Fig. 1 . The U−U multiple bond in this work is dominated by the uranium 5 f atomic orbitals and is very different from the metal-metal bonds in the d-and f -block polynuclear metal complexes. This finding may open a way for connecting the metal-metal multiple bonding and the fullerene chemistry. However, some authors give different opinions. Infante et al. [6] , for example, suggested through a DFT study on endohedral and exohedral U 2 @C 60 systems that U−U binding found in C 60 is a calculation artifact due to the small size of the cage. In a larger cavity such as C 70 or C 84 , two U atoms mainly interact with the interior wall of the cage and the U-U bond no longer exists. Anyway, the differences on the proposed structures of U atoms in C 60 will promote further interest in endohedral fullerenes. It is reasonable to believe that the true potential for nuclear waste management using fullerenes can be realized by fostering wider attention and discussion on the actinide endohedral fullerenes.
Inspired by the successful synthesis of actinide fullerene composites, Zhao et al. continued to explore novelstructured fullerenes by neutron irradiation. The first highly selective reaction that produces only C 2m -X-C 2n (m = n or m = n, X stands for C or O) and no C 2m -C 2n type fullerene dimer was consequently found. Utilizing a neutron irradiation method, Zhao and co-workers have synthesized C 141 , C 131 , C 121 , and C 140 O, of which C 141 and C 131 were prepared and characterized for the first time [7, 8] . The synthesis method is described in Fig. 2 . This method is simple and capable of producing new C 2m -X-C 2n molecules by chemical Fig. 1 . Optimized structures and symmetries of U 2 @C 60 isomers derived from the IPR-satisfying C60 (I h ) fullerene. Uranium atoms are represented by large blue balls, the carbon atoms closest to uranium are colored in purple [5] . modification of precursors to introduce different X-atoms into the reaction system prior to the energetic radiation. The irradiation with neutrons of high energy could create reactive sites for covalently bound bridges between fullerenes originally only weakly bound by van der Waals forces. The results open a new direction and provide a practical approach for polymer sciences of fullerenes and fullerene derivatives.
One possible formation mechanism for C 2m -X-C 2n is proposed as follows. In the irradiation process, energetic neutrons transferred their energy to C 70 or C 60 cages. It caused a secondary ionization and induced a dissociation of C 70 or C 60 molecule to form some fragmental species as well as excited C 70 or C 60 cages. The reactions among excited C 70 or C 60 cages (of high reactivity) and nascent fragmental species hence occurred. This process finally resulted in the new molecule C 141 .
Uranium-oxide nanocrystals
As it is well known, in its enriched form, uranium dioxide is the major component of nuclear fuel. When depleting its progenies, it is also widely used in many fields, including radiation shielding and catalysis, etc. Nanostructured nuclear fuel is expected to possess superior properties, therefore fabrication of nano-fuel may become a hot topic in nanoscience. Recently, Wu el al. [9] synthesized high quality, colloidal uranium oxide nanocrystals by thermal decomposition of uranyl acetylacetonate in a mixture solution of oleic acid (OA), oleylamine (OAm), and octadecene. This synthesis showed characteristic high reaction-yield of 75% and high reproducibility. X-ray powder diffraction (XRD) confirmed that the nanocrystals were pure uranium-dioxide. The Bragg reflections are quite distinguishable from those of the typical crystal structures of other uranium-oxides such as U 3 O 8 and UO 3 . The transmission electron microscopy (TEM) showed that periodical pore structures with diameters in the nanometer scale were available within the nanocrystals. It was also found that the size of the nanoparticles and the pore size could be controlled by changing the ratio of the organic additives in the reactions. This work is of high significance because this UO 2 nanocrystal could be developed as a candidate of potential nano-fuels. The evenly distributed pores might adsorb and accommodate the highly reactive fission products such as iodine which can react with the clad under extreme conditions, and then mitigate fuel-clad or other undesirable chemical interactions. Furthermore, this microstructure can hopefully enhance the thermal and radiation stability of the fuel and consequently improve its burn-up [10] .
Wang et al. [11] synthesized sphere-shaped UO 2 nanoparticles (average diameter 100 nm) consisting of 15 nm nanocrystals and single crystalline U 3 O 8 nanorods (diameter 80-100 nm and length 500-1500 nm) under hydrothermal conditions, using UO 2 (OAc) 2 ·2H 2 O and amines as both reducing and structure-directing agents. By adjusting the reaction conditions such as the volume ratio of the solvent and the reducing agent, the size and morphology of the uranium dioxide nanostructures varied to a certain degree. TEM revealed that the U 3 O 8 nanorods grew along the crystallographic [001] direction. The UO 2 nanoparticles could be converted to porous U 3 O 8 aggregates through thermal treatment in air. TEM images also showed the availability of irregular macropores in the aggregates, which were formed from the inter-growth of nanocrystals. A catalytic test for the oxidation of benzyl alcohol exhibited much better catalytic activity of the porous U 3 O 8 aggregates than the U 3 O 8 nanorods, clearly illustrating morphology-dependence of the catalytical properties. Similarly, it is reasonable to believe that porous aggregates of U 3 O 8 are more preferred from nuclear fuel point of view. Another merit of porous uranium oxides might lie in their applications in the fabrication of transmutation fuel. Normally, to prevent generation and diffusion of strong radioactive dust, wet-methods are favored for the fabrication of transmutation fuel. As porous materials show substantial adsorption ability for minor actinides (MA), porous uranium oxides adsorbed with MA can then be directly fabricated into transmutation fuel. Anyway, further research is still much needed to test the application potentials of nanostructured UO 2 and U 3 O 8 .
Actinide nanoclusters and metal-organic frameworks (MOFs)
Actinide solid-state and coordination chemistry has advanced through unexpected and interesting results that have further identified the complex nature of the 5 f elements. Nano-scale control of actinide materials has been emerging in recent years, as shown by the creation of a considerable range of actinide clusters and tubular topologies. Generally, the U(VI) species with coordination geometries such as square, pentagonal, and hexagonal bipyramids can be considered as the primary building blocks (PBUs) of uranyl inorganic extended structures (Fig. 3 ). Burns and his coworkers reported synthesis of 26 clusters built from uranyl peroxide polyhedra. Among them 16 contain solely uranyl polyhedra, 8 also contain pyrophosphate, and two others are inorganic-organic uranyl-oxalate hybrid materials [12] [13] [14] [15] . There are several possible ways in which pyrophosphate or oxalate can coordinate a uranyl ion. The sizes of the synthesized U(VI) clusters span a considerable range (1.5 ∼ 3 nm), and contain 20 ∼ 60 uranyl polyhedra [12, 13] . The specifics of the U-O 2 -U dihedral angle depend upon the size and location of counter ions, with larger counter ions favoring a dihedral angle that is closer to 180
• . This dihedral angle influences the curvature of cage clusters built from uranyl polyhedra, and thus also the size of closed clusters. It is possible to tune the compositions and topologies of these nanoclusters for use as precursors in the creation of novel waste forms or nuclear fuels. Such clusters present the possibility of nanocontrol of chemical composition and properties of the materials.
Over the last ten years, the metal-organic frameworks have been widely investigated owing to their potential applications in various fields, especially in absorption and separation of organic molecules and metallic ions [16] [17] [18] . Compared to the commonly used main group and transition metal elements, actinide MOFs materials are less investigated owing to their radioactivity. However, actinide-organic frameworks may be potential novel precursors for nuclear fuel fabrication and have potential applications in nuclear waste processing. Therefore, actinide MOFs have attracted increasing attention as the nuclear energy revives in this century.
MOFs possess diverse topologies and constitutions as found previously. However, the actinide elements in actinide-organic frameworks exhibit high coordination number of 7, 8, and even 9. Therefore, the actinide-bearing MOFs built from MX 7 , MX 8 , and MX 9 units would display completely distinct structural characteristics. In their experiment, O'Hare et al. have successfully synthesized several thorium-organic frameworks, TOF-X (X = 1-3), under hydrothermal conditions [19, 20] . In 2003, the first thoriumorganic framework was structurally characterized [19] 3.5 , based upon nano-scale uranyl selenate tubules. This material possesses tubules parallel to the axis that consists of corner-sharing {UO 7 8− } pentagonal bipyramids and {SeO 4 2− } tetrahedra [22] . However, in the strict sense, this material is just a uranium-inorganic framework material based on an organic template. To date, a series of uranyl-organic materials including 1-D chains, 2-D layers, and 3-D frameworks have been synthesized [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] In China, the UOF (uranium organic-framework) materials have also been extensively studied [38] [39] [40] [41] [42] . Chen et al. have prepared a series of UOF materials under hydrothermal conditions. For example, using 1,4-naphthalenedicarboxylate (NDC) and bipyridine (bipy) ligands, they synthesized 2D polymers of (UO 2 ) 8 (NDC) 12 (4,4 -bipyH 2 ) 3 (4,4 -bipyH) 3 and (UO 2 ) 3 O[Ag(2,2 -bipy) 2 ] 2 (NDC) 3 , and 1D zigzag chains of (UO 2 ) 2 (NDC) 2 (2,2 -bipy) 2 [30] . It has been found that the above three materials belong to triclinic, triclinic, and monoclinic crystal systems, which correspond to the following space groups, PĪ , PĪ , and P2 1 /n, respectively. In addition, they prepared a series of 3D uranyl-organic coordination frameworks such as (UO 2 ) 3 (v-BTC) 2 [42] Compared to TOFs, the UOFs are featured by the linear UO 2 2+ unit, which tends to be equatorially coordinated.
In all, the development of new actinide-organic frameworks has become a hot topic in basic actinide solid-state chemistry. However, the present investigations in this field are predominantly focused on the coordination features of thorium and uranium. It is believed that the introduction of transuranium elements into MOFs is more challenging.
Nanoporous materials for the separation of high level liquid waste (HLLW)
To minimize the long-term radiological risk and facilitate the management of high level liquid waste (HLLW), a partitioning of the long-lived minor actinides (MA = Am, Cm) and some specific fission products (FPs) such as Cs, Sr, Tc and the platinum group elements is much more desirable. Compared to uranium and plutonium, the minor actinides are significantly less abundant in the spent fuel, so the scale of the separation process for minor actinides from HLLW should be considerably smaller than that of a main separation process such as PUREX. Nanoporous materials based solid-phase extraction still has its advantages such as being acid and alkali resistant, high temperature enduring and radiation resistant in processing HLLW. In order to develop a potential direct separation process for trivalent minor actinides, Wei et al. designed a novel macroporous silica-based 2,6-bis(5,6-diisohexyl)-1,2,4-triazin-3-yl)pyridine (isohexyl-BTP) extraction resin, which was prepared by impregnating isohexyl-BTP molecules into a macroreticular styrene-divinylbenzene copolymer (SiO 2 -P) [43, 44] . Subsequently, the copolymer was immobilized in porous silica particles with pore size from 50 ∼ 600 nm (Fig. 4) . The content of isohexyl-BTP extractant in the extraction resin (isohexyl-BTP/SiO 2 -P) can be as high as 33.3 wt %. Based on the so-called functionalized macroporous silica, Wei and co-workers developed the MAREC (Minor Actinides Recovery from HLLW by Extraction Chromatography) process [44] [45] [46] . In the MAREC process, as shown in Fig. 4 , two main columns packed with different extraction resins are utilized for the chromatographic separation of HLLW through selective adsorption and elution procedures. The first column is packed with CMPO/SiO 2 -P (CMPO: octyl(phenyl)-N,N-diisobutylcarbamoyl-methylphosphine oxide) extraction resin and the second with R-BTP/SiO 2 -P (R: alkyl group) extraction resin. The elements can be effectively separated into the following three groups in the first column depending on their different adsorption and elution behaviors which result from the complexation ability of the metal ions with CMPO: (1) Cs, Sr, Rh and Ru (nonadsorptive or weakly adsorptive FPs); (2) MA and RE (rare earth elements); (3) Zr and Mo. Subsequently, the MAcontaining effluent is applied to the second column where the elements are separated to (1) RE, and (2) MA, respectively. Actually, as Am,Cm and lanthanides show similar chemical properties such trivalent oxidation state, ionic radii, and comparable hydrated ions, selective separation of trivalent actinides (An(III)) from lanthanides (Ln(III)) in high level liquid waste (HLLW) is a great challenge in industry.
With the rapid development of computer science, computational chemistry now plays a pivotal role in ligand designing and in the prediction of the affinity between ligands and central metal ions. This fact is of particular significance for MA ligand designing, because most experiments related to MA are complicated and expensive. Ligand designing and screening through quantum chemistry calculations before real experiments can be a convenient and economical approach to find highly efficient MA ligands for Ln/An separation [47, 48] .
By a similar approach, Zhang et al. synthesized several other macroporous silica-based supramolecular recognition polymeric composites, which were modified by 1,3-[(2,4-diethyl-heptylethoxy)oxy]-2,4-crown-6-calix [4] arene (calix [4] arene-R14), (calix [4] +Oct)/SiO 2 -P [49] . The noctanol was used to modify calix [4] arene-R14 through hydrogen bonding. Based on the results from experiments with simulated HLLW, calix [4] tOct)/SiO 2 -P showed excellent adsorption ability and high selectivity for Cs(I) at 4.0 M HNO 3 over the tested elements. The partitioning of Cs(I) from a simulated HLLW was operated by a (calix [4] tOct)/SiO 2 -P packed column. Cs(I) was effectively eluted by water and separated from other investigated metals. It is demonstrated that (calix [4] tOct)/SiO2-P would be promising to be applied in chromatographic separation of Cs(I) from HLLW [50] .
As shown in Fig. 5 , the superior selectivity of calix[4]-arene-R14 for Cs(I) is due to the effective matching of the sizes between the calixarene cavity and Cs(I) ion, as well as π-bonding interactions with the arene groups. The ionic radii of all REEs(III) including Y(III) and La(III) to Lu(III), as well as the other FPs such as Mo(VI), Pd(II), Ru(III), Rh(III), Cs(I), and Zr(IV) are in the range of 0.0848-0.106 nm and 0.065 to 0.086 nm. The cavity size of calix [4] arene-R14 is reported to be about 0.162 nm, which is very close to that of Cs(I), 0.167 nm. So, the cavity size of calix [4] arene-R14 matches well that of Cs(I), as shown in Fig. 5 . It makes the adsorption ability of Cs(I) ion onto (calix [4] tOct)/SiO2-P high, whereas the other metals show poor adsorption [49] . As the processing of HLLW normally represents harsh chemical conditions such as high nitric acid concentration and extremely high level of radiation, the chemical and radiation stability of the impregnated nanoporous silica is particularly important. According to the stability test by Wei and his co-workers [51] , the silica-based support was significantly stable against γ -radiation and nitric acid. A part of R-BTP was dissolved into nitric acid solution from the extraction resin due to protonation. However, the branched R-BTP (iso-Bu-BTP) resin was much more stable than a normal R-BTP in nitric acid solution (≤ 3 M). Anyway, the radiation stability of the above materials still needs further evaluation by extending the experiments to α-radiation.
Nanomaterials for nuclear waste disposal and environment remediation
The renaissance of nuclear energy promotes increasing demands for dealing with the troublesome nuclear contamination and the diffusive high concentrated radioactive waste. Especially, after this year's Fukushima nuclear accident, a large quantity of high concentrated radioactive waste water has been discharged into the ocean, causing a great public concern. This leads to more exigent efforts in removal of radionuclides from aqueous solution for water decontamination and environmental protection. Under this situation, versatile nanomaterials that can remove the radionuclides and remediate the environment are favored by more and more investigators. Carbon nanotubes (CNTs), as well known, are a novel and important graphitic carbon nanomaterial, and have been widely applied in various scientific areas. CNTs exhibit many noteworthy properties such as strong tensile strength, large elastic modulus, high heat conductivity and electrical conductibility and large surface area [52] . These advantages make CNTs an ideal supporting material for solidphase extraction of radionuclides. Wang et al., for example, firstly reported the sorption of lanthanides and actinides from NaClO 4 aqueous solution by using multiwall carbon nanotubes (MWCNTs). It was found that MWCNTs are an effective sorbent for Eu(III) [53] , Am(III) [54] and Th(IV) [55, 56] , and the sorbent after nuclides sorption is very stable due to the strong complexation of sorbates on the MWCNTs surface. The authors further fabricated car- boxymethyl cellulose grafted MWCNT (MWCNT-g-CMC) by using plasma induced grafting method. The preliminary results suggested that MWCNT-g-CMC is easily dispersed in solution and has much higher adsorption capacity for U(VI) compared to the raw MWCNT, as shown in Fig. 6 [57] . These works highlight the vast opportunities of CNTs applied in separation of radionuclides from aqueous solutions. However, the studies performed at the Institute for Transuranium Elements (ITU) of the European Commission in Karlsruhe and the Institute of Nuclear Sciences of Ege University (INS) do not confirm this high performance of MWNTs for Th and Am (the adsorption capacity of ≤ 10 mg/g vs. ≥ 40 mg/g reported by Wang et al.) . The authors attributed the difference to the pretreatment of the CNTs prior to batch sorption experiments. That is, the pretreatment will enhance the adsorption capacity of CNTs by increasing the degree of purity, providing more hydrophilic surface and increasing the amount of oxygen-bearing functional groups [52] . From a pragmatic point of view, some material issues of these nanomaterials need to be discussed first to better define the potential applications of CNTs. Basically, the reversibility of adsorption and durability mainly determine the reusability and "economics" of the CNTs. In current stage, the reports about the reusability and durability of CNTs are rare, and it is hard to say that CNTs are more appropriate candidates for environmental remediation compared to inorganic materials such as e.g. clay, zeolite and prussian blue sorbents. Further work is necessary to promote the adsorption capacity, selectivity and radiation stability of CNTs, making them more competitive compared to traditional adsorbents in radionuclides preconcentration and environmental remediation.
Beside CNTs, mesoporous materials, porous molecular sieves with pore diameter between 2 and 50 nm, such as SBA-15 (Santa Barbara Amorphous-15), are also important nanomaterials that have received ever-increasing attention in various scientific areas. Ordered mesoporous carbon and silica materials are novel families of the fascinating porous solids, which have the advantages of large surface area, well-defined pore size, excellent mechanical resistance, non-swelling, excellent chemical stability and radia-tion tolerance, as well as extraordinarily wide possibilities of functionalization [58, 59] . These advantages also make the ordered mesoporous carbon and silica compounds attractive for nuclear waste disposal.
Vidya et al. [60, 61] reported the entrapment of UO 2
2+
in MCM-41 and MCM-48 molecular sieves based on direct template-ion-exchange. It was found that the entrapment of UO 2 2+ was facilitated by the large pore size and the high surfactant content in the as-synthesized host materials. However, these sorbents normally show poor selectivity and slow sorption kinetics for UO 2 2+ . To promote the sorption selectivity and achieve higher sorption capacity and faster sorption kinetics, mesoporous surface based functionalizations were performed. Li et al. [62] developed a new sorbent for U(VI) by functionalizing ordered mesoporous carbon CMK-5 with 4-acetophenone oxime (Oxime-CMK-5) via thermally initiated diazotization. The U(VI) sorption by Oxime-CMK-5 was also found to be very fast and pH-dependent, and a maximum U(VI) sorption capacity of 65.18 mg/g could be achieved. Fryxell and his coworkers [63, 64] developed self-assembled monolayers on mesoporous supports (SAMMS), in which organosilicates with functional moieties are orderly attached on the surface of MCM-41, as an efficient method for actinides sequestration. Yousefi et al. [65] studied the solid-phase extraction of U(VI) using 5-nitro-2-furaldehyde modified mesoporous silica (MCM-41). The sorbent exhibits good stability, reusability, high sorption capacity and fast rate of equilibrium for sorption/desorption of U(VI). Recently, we synthesized two kinds of organic functionalized mesoporous silicas, phosphonate functionalized MCM-41(NP10) [66] and amino functionalized SBA-15 (APSS) [67] , by co-condensation and grafting method, respectively. Consequently, the synthesized materials were used as sorbents for the removal of U(VI) from aqueous solution. Fig. 7 shows the structure of NP10 and the sorption isotherm for U(VI) in NP10. It is found that U(VI) sorption has ultra-fast kinetics and the new sorbents offer large sorption capacity. The maximum sorption capacity in APSS, for example, is even more than 400 mg/g at pH 5.3 ± 0.1. Furthermore, these silica materi- als show a desirable selectivity for U(VI) ions over a wide range of competing metal ions. The studies on the sorption mechanism of U(VI) on the organic functionalized mesoporous silicas and on Th(IV) sorption using the organic functionalized mesoporous silicas are still underway in our laboratory.
In addition, magnetite nanoparticles (MNPs) have received much attention recently to remove radioactive metal ions due to the easy separation of sorbent from solution by adding a magnetic field. Xu et al. reported the first use of bisphosphonate modified magnetite Fe 3 O 4 nanoparticles to remove UO 2 2+ from blood. At pH 7.0, the partitioning coefficient (K d ) is estimated as high as 19.8 L/g, and the sorbent can be easily removed from blood by using a small magnet [68] . However, the Fe 3 O 4 nanoparticles are unstable at acid condition, which limits their application for nuclides sorption from acid nuclear waste water. Qiang et al. developed silica coated magnetic nanoparticles for the separation of acidic nuclear waste, in which the Fe 2 O 3 nanoparticles were coated with the silica, followed by covalent attachment of the actinide-specific chelators to separate nuclear waste under acidic conditions. The silica coated MNPs are stable even in 1 M HCl solution, and show enhanced actinide separation efficiency compared to the uncoated counterparts [69] .
All above mentioned studies have dealt with radionuclides adsorption and separation using nanomaterials. From these works we could reassert that nanomaterials show several interesting aspects for application in nuclear waste disposal and environmental remediation. However, some nanomaterials are not quite stable under the conditions of ionizing radiation and can not keep their functions for relatively longer period of time in complex chemical environments. Furthermore, the issues on safety and migration behaviors of nanomaterials themselves still need clarification and evaluation. In these regards, full realization of a true potential of nanomaterials as radionuclide adsorbents requires further studies concentrating on developing high efficient, radiationresistant, renewable and environment-friendly nanomaterials for solid-phase extraction of radionuclides.
Nanomaterial-based sensors for actinide cations
Within the category of sensing and detection of radionuclides, nanotechnology anticipates the capability to provide more sensitive and cost-effective techniques for detecting radioactive pollution in the air, soil, and water. Uranium is a toxic element which might be released into the environment by increasing development of nuclear energy. Severe damaging effects of uranium to human health have been reported [70, 71] and the maximum contamination level in drinking water is defined as 150 nM by US EPA [72] . Currently, uranium analysis requires expensive and complicated instruments, such as inductively coupled plasma mass spectrometry, atomic absorption and so on, which limits onsite and real-time detection of uranium. Portable metal ion sensors with high sensitivity and selectivity would serve much in future environmental monitoring. But, due to the oxycationic structure of UO 2 2+ , it is very difficult to de-sign a specific ligand to complex uranyl ions. As the discovery of uranyl specific DNAyme, the DNAymes have been converted into high performance fluorescent sensors using a catalytic beacon method [73] . One of them has a 45 pM detection limit and million-fold selectivity [74] . While fluorescent sensors still require instruments, i.e. fluorimeters, in contrast, colorimetric sensors realize simple onsite and real-time detections without any instruments, thus drawing more and more attention. Recently, Lee et al. [73] synthesized uranyl specific colorimetric sensors using the uranyl specific DNAymes and gold nanoparticles (AuNPs) by labeled or label-free methods. In the labeled method, the presence of UO 2 2+ dissociated very stable DNAymesfunctionalized AuNP aggregates, whose color was purple, releasing red individual AuNPs. The detection limit of this method was 50 nM after 30 min contact period. The labelfree method made use of different adsorption properties of single-stranded and double-stranded DNA on AuNP. The presence of UO 2 2+ induced the cleavage of substrate by DNAyme and the formed single-stranded DNAs can be adsorbed on the surface of AuNPs, which prevent AuNP aggregation in a NaCl solution. Detection limits were as low as 1 nM after 6 min of reaction time. Both methods exhibit much lower detection limits than the maximum contamination level in drinking water, have excellent selectivity over other metal ions, and operate at room temperature. Furthermore, the general properties of these two colorimetric sensors were systematically compared in various aspects, thus providing important guidance to facilitate researchers to choose more appropriate methods.
Conclusion and perspectives
The impetus of creating various novel radio-inspired nanostructures comes from the tremendous basic research needs for the future advanced nuclear energy system. This review is highlighting a variety of studies that provide new insights into the nanostructures and behaviors of solid-state actinides and novel nanomaterials, which can be used for design and fabrication of new nuclear fuels, nuclear waste disposal matrices, materials for environmental remediation, and radionuclides sensing. Most cases emphasized here were even unlikely to be anticipated a decade ago. Basically, the challenges of 5 f electrons offer grand scientific opportunities for actinide solid-state chemistry. This trend will continue in the foreseeable future. Although it is quite difficult and expensive, breakthrough studies will heavily rely on laboratory research conducted with the real actinides, rather than experiments using chemical homologues. However, considering the complicated experimental conditions needed for actinides, actinide computational chemistry is still an essential tool to build actinides nanostructures. This range of approaches will benefit the development of a sophisticated understanding of structure-property relationships in nanoscale actinide clusters. Such an understanding will be incorporated into future attempts to design nanomaterials for specific purposes, such as applications in future advanced fuel cycles.
In all, from the above descriptions, we can definitely conclude that nanomaterials and nanotechnologies have diverse potential applications in various aspects of nuclear energy chemistry. No doubt, they will play important roles in future advanced nuclear energy systems. However, from the point of view of current international research status, nanomaterials and nanotechnologies in the field of nuclear energy are still in their infancy, there are still huge key scientific issues that should be addressed. With the deepening of the further research work, the advantages of nanomaterials and nanotechnologies will be found out step by step.
